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Effects of in vitro potassium on ammoniagenesis in rat and canine
kidney tissue. Decreased ammonium (NH4) excretion is associated
with hyperkalemia. To determine if potassium could directly influence
renal ammonia production, we investigated ammoniagenesis by rat and
canine renal cortical tissues in vitro at different potassium concentra-
tions. Renal tissue from normal and acidotic rats and normal dogs
incubated in glutamine, lactate, and 7 to 10 mEq/Iiters of potassium or
25 mEq/liters of potassium produced significantly less ammonia than
slices incubating in glutamine. lactate, and 4 to 5 mEq of potassium.
Glutamate accumulation, which follows glutamine deamidation, did not
decrease and even increased at 25 mEq/liters of potassium. With
glutamine as the sole substrate, decreased ammoniagenesis was seen
only at higher potassium concentrations (> 16 mEq/liters) than when
lactate was also present. The depression to glutamine ammoniagenesis
by high concentrations of potassium was partially obliterated in an
anaerobic environment. When glutamate replaced glutamine as the
precursor, renal ammonia produced by slices in 7 and 25 mEq/liters was
again significantly lower than by slices incubating in 4 mEq/liters. We
blocked glutamine synthesis by rat kidney slices with dl-methionine dl-
sulfoximine when glutamate was the renal ammonia precursor. This
essentially allows glutamate deamination to produce ammonia. Potassi-
um depressed glutamate deamination significantly at 7 mEq/liters (
13%) and at 25 mEq/liters of potassium ( 35%) as compared to 4
mEq/liters. The above findings are consistent with a major depressive
effect of in vitro potassium on glutamate deamination in rat and canine
kidneys. Other evidence, especially from rat tissue studies, suggests
that potassium also may affect glutamine deamination directly. Rat
kidney slices incubating in the high potassium medium of 7 mEq/liter or
greater also consumed less oxygen in the presence of glutamine (P <
0.01), oxidatively decarboxylated less glutamine (P < 0.02) and pro-
duced less glucose from glutamine (P < 0.01).
Effet du potassium in vitro sur l'ammoniogenese dans tissu renal de rat
et de chien. Une diminution de l'excrétion d'ammoniaque (NH4) est
associee a l'hyperkaliémie. Afin de determiner si le potassium peut
influencer directement Ia production rénale d'ammoniac, nous avons
étudié l'ammoniogenese dans le tissu renal cortical de rat et de chien in
vitro a différentes concentrations de potassium. Du tissu renal proven-
ant de rats normaux et en acidose et de chiens normaux incubés dans de
Ia glutamine, du lactate, et 7 a 10 mEq/litres de potassium ou 25
mEq/litres de potassium produit significativement moms d'ammoniac
que des tranches incubées dans de Ia glutamine, du lactate, et 4 a s
mEq/litres de potassium. L'accumulation de glutamate, consecutive a
Ia déamination de Ia glutamine, n'a pas diminué et même a augmenté a
25 mEq/litres de potassium. Avec Ia glutamine comme seul substrat, Ia
diminution de l'ammoniogenèse n'a été observée qu'à des concentra-
tions de potassium supérieures (> 16 mEq/litres) a celle nécessaire
quand le lactate est present. La depression de l'ammoniogenese due a Ia
glutamine au moyen de concentrations élevées de potassium est partiel-
lement abolie par un environnement anaerobique. Quand Ia glutamine
est remplacée par du glutamate, Ic rénale d'ammoniac produit par des
tranches dans des milieux a 7 mEq/litres et 25 mEq/litres est là encore
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significativement inférieur a celui produit par des tranches incubées
dans un milieu a 4 mEq/litres. Nous avons bloqué la synthese de
glutamine dans les tranches de rein de rat au moyen de Ia dl-methionine
dl-sulfoximine quand le glutamate était Ic precurseur de renale d'am-
moniac. Ceci permet a Ia déamination du glutamate de produire de
l'ammoniac. Potassium diminue significativement Ia déamination du
glutamate a 7 mEq/litres (diminution de 13%), et a 25 mEq/Iitres (dimin-
ution de 35%) par comparaison avec les valeurs obtenues a 4
mEq/litres. Ces constatations sont compatibles avec un effet depresseur
majeur du potassium in vitro sur Ia déamination du glutamate dans les
reins de rat et de chien. D'autres arguments, tires essentiellement des
etudes sur le tissu de rat, suggèrent que le potassium peut aussi affecter
Ia déamination du glutamate directement. Des tranches de rein de rat
incubées dans un milieu riche en potassium (7 mEq/litres ou plus)
consomment moms d'oxygene en presence de glutamine (P < 0,01),
decarboxylent moms de glutamine par oxydation (P < 0,02) et produi-
sent moms de glucose a partir de Ia glutamine (P < 0,01).
The state of potassium balance influences renal amnioniagen-
esis [1—7]. It is well recognized that hypokalemia and potassium
depletion augment ammonia production by the kidneys [5—71.
While the association between hypokalemia and augmented
renal ammoniagenesis is well established, less is known con-
cerning the influences of hyperkalemia on renal ammoniagene-
sis. A relationship between hyperkalemia and decreased ammo-
nium excretion has been proposed [1—2], but whether or not
hyperkalemia decreases ammonium excretion by a direct effect
on renal metabolism is uncertain [81. Because cortical slices
removed from hyperkalemic rats do not produce less ammonia
than control slices when incubated in vitro [3, 4], this suggested
to us that potassium in the immediate environment might be
causative. However, previous observations made in vitro had
failed to show that changing environmental potassium can alter
renal ammoniagenesis directly [3, 9].
Our purpose was to answer these questions: Can potassium
decrease ammonia production in vitro in relatively high concen-
trations, and if so, how is this accomplished? Accordingly, we
discerned the effects of various medium potassium concentra-
tions on ammonia production and other aspects of metabolism
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Table 1. Effect of potassium concentration in the incubation medium on ammonia and glucose production of cortical slices from 8 acidotic
dogs°
Potassium concentrations in mEq/lizer
Glutamine substrate I mrvi, incubation pH 7.0
0 4 8 16 32 64
Ammonia production
p.mole!g wet wiper hr 45.8 4.4 45.0 2.6 43.5 5.4 38.4 2.9k 32.4 3,5h 29.6 2.7b
Glucose production
J.mo1e/g wet wiper hr 5.27 0.56 5.81 0.55 6.10 0.69 5.43 0.60 4.78 0.5 l 3.89 0,595
Glutamine uptake
p.molelg wet wiper hr 28.7 3,8 29.6 2.5 27.2 2.7 31.8 3.8 27.4 3.4 27.6 4.2
Ammonium produced!
glutamine uptake 1.60 1.52 1.60 1.21 1.18 1.07
Tissue glutamate
p.mole/g wet wt 4.50 0.42 4.11 0.40 4.34 0.35 4.21 0.30 4.30 0.38 4.13 0.33
Values are mean SCM.
Results are shown as statistically different from values at potassium 4 mEq!liter (P < 0.05).
by incubating renal cortical tissue from control and acidotic rats
and dogs in a variety of conditions.
Methods
Male Sprague-Dawley rats, weighing 200 to 350 g, were
housed in pairs in a room with a constant temperature and a
light-dark phase maintained for 14 and 10 hours. There was free
access to food and water. Some rats were rendered acidotic by
gavaging them with 2 ml!l00 g of body wt of 0.5 M ammonium
chloride twice a day for 2 days. The rats were killed by a blow
to the head. The kidneys were removed, and cortical slices
were made with a Stadie-Riggs microtome. Slices were cut to
weigh 100 mg 2 mg. Care was taken that each slice from the
same rat was incubated in the same basic medium having
different potassium concentrations. Slices were placed in 6 ml
of medium in a 25 ml Erlenmeyer flask and incubated at 37° C
for 90 mm. The bath shook at approximately 100 oscillations per
mm. Our basic medium contained sodium chloride 95 to 120
m, potassium chloride 0 to 25 m, magnesium sulfate 1.2 mM,
calcium chloride 1.0 m, sodium bicarbonate 25 m, and
monobasic sodium phosphate 1.2 m. Care was taken to alter
the sodium chloride concentration appropriately with the
changing potassium chloride concentrations to maintain the
same osmolality. When substrates were added, concentrations
were glutamine 0.6 mivi, 2.0 mtvi, or 10.0 mM; glutamate 5.0 mM
and lactate 1.2 m. An inhibitor to glutamine synthetase
activity, dl-methionine dl-sulfoximine, was added at 10 mM
concentrations in a few studies. With a gas phase of 95%
oxygen and 5% carbon dioxide, the medium pH remained at
approximately 7.4 throughout the incubation in all studies.
Renal cortical tissue was obtained from 11 control and 8
acidotic dogs. Slices were prepared and investigated under
conditions previously described in detail [11—121. The canine
studies were performed at different times and in two different
laboratories, therefore, the conditions of incubation varied.
Differences, especially substrate variations, are indicated in
appropriate areas of the text. In the majority of studies, the
media used were deproteinized with perchloric acid, and the
excess was removed later by the addition of potassium hydrox-
ide, phosphate buffer to make the final pH 7.0 to 7.4. Ammonia,
glutamine, glutamate, alanine, and glucose were determined on
the supernate. Ammonia was determined by modification of
Archibald's method [131, alanine and glutamine by fluorometric
determinations [14, 151, glutamate by the method of Meiss,
Peyser, and Miller [161, and glucose using a glucose oxidase
method (Worthington Biochemical, Freehold, New Jersey, or
Sigma Chemical Corp., St. Louis, Missouri). Q02 was measured
on a Gilson Submarine Respirometer (Gilson Electronics, Mid-
dleton, Wisconsin). For the QO studies, phosphate-buffered
medium was used [11], and the gas phase was 100% oxygen.
The analyses depicted in Table I were performed as described
[101. Collection of radiolabelled '4CO2 and calculations of
substrate converted to '4CO2 were made in a manner described
previously by others [17]. For these studies, we used tracer
amounts of L-U'4C-sodium lactate (5 to 20 mCi/mM), L-U '4C-
glutamine (30 to 50 mCi/mM),
glutarate (5 to 30 mCi/mM) and 5-'4C-citric acid monohydrate
(10 to 40 mCi/mM).
Results for ammonia, glutamine, glutamate, alanine, and
glucose were reported as sm/g wet weight per 90 mm and for
oxygen consumption as p.1/mg wet weight per hour. Tissue wet
weight was measured prior to incubation. Statistics were per-
formed by Student's t tests using paired analysis. Statistical
significance was set at P < 0.05.
Results
Effects of potassium on rat kidney slice ammonia genesis
from endogenous sources and different medium concentrations
of glutamine (Table 2). Changing medium potassium concentra-
tions of slices incubating without the addition of any substrate
created no statistically significant differences in ammoniagene-
sis from endogenous sources, although the average value of 25
mEq/liter potassium was lower than in the other three concen-
trations (— 15% compared to 4 mEq/liter). We also investigated
ammonia production from different concentrations of glutamine
by rat renal slices in the presence of varying medium potassium
levels. While 12 slices incubating in 0.6 mM glutamine without
added potassium produced 11% more ammonia than slices
incubating in a 4 mEq/liter of potassium, this difference was not
statistically significant (P> 0.05 < 0.1). However, the produc-
tion in 25 mEq/liters potassium was significantly lower (— 12%)
then at 4 mEq/liter (P < 0.05). Slices placed in 2 mM glutamine
showed more ammonia production in the medium without
potassium (+ 10%) than slices incubating in 4 mEq/liter (P <
0.05). The lowered production in 25 mEq/liter was not signifi-
cantly different (—8%) from slices incubating in 4 mEq/liter but
was significantly lower when compared to slices incubating in
the absence of added potassium (—19%) (P < 0.01). No studies
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Table 2. Rat renal slice ammoniagenesis: Increasing glutamine concentrations and a nitrogen atmosphere on the potassium effecta
Condition N1'
Potassium concentrations in mEqiliter
0 4 7 25
Endogenous" 7 10.2 2.0 10.1 0.6 10.4 0.8 8.8 0.6
Glutamine 0.6 msi 12 26.3 l.3d 23.8 0.8 23.0 0.8 21.3 0.9"
Glutamine 2.0 mp,i 12 57.8 2.6e 52.7 4.4 — 48.6 39
Glutamine 10mM 11 124.2 4.l 114.9 2.6 117.1 1.0 105.3 5.P
Nitrogen 95%
Carbon dioxide 5% 7 24.4 2.P 18.2 1.3 17.2 1.1 18.7 1.0
Average 5EM of ammonia production (mole/g/90 mm) is shown.
b N represents the number of rats studied.
Endogenous refers to slices incubating in the medium containing no substrate. Substrates for the nitrogen study were glutamine 0.6 m and
lactate 1.2 mM.
When compared with 4 mEq/liter, P 0.05 < 0.1.
When compared with 4 mEq/liter, P < 0.05.
4-5
Potassium, mEq/Iiter
Fig. 1. Ammoniagenesis (•), gluconeogenesis (•), and glutamate
accumulation in the medium (•) with control rat kidney slices incubat-
ing in different concentrations of potassium. Glutamine 0.6 m and
lactate 1.2 m were substrates. Average SEM of slices from 22 rats is
shown. The * refers to P < 0.01 compared to the value at 4 to 5 mEq/
liter.
were performed with 2 mi glutamine in 7 mEq/liter of potassi-
um. Following an increase in medium glutamine concentrations
to 10 m, ammonia production still decreased significantly
when potassium concentrations were increased from 0 to 4
mEq/liter and from 4 to 25 mEq/liter. At these high glutamine
levels (2 and 10 mM), no major differences were seen between
slices in 4 and 7 mEq/liter of potassium.
Ammonia genesis, glutamate accumulation, and gluconeo-
genesis from glutamine-lactate by rat renal slices incubating in
different concentrations of potassium in the medium. In another
series of experiments, we observed ammonia production from
glutamine when lactate was added to the medium. Rat renal
slices were incubated once more in varying medium concentra-
tions of potassium. It has been our contention that the addition
of lactate in vitro simulates in vivo conditions for renal ammon-
iagenesis more closely than using glutamine alone [18] because
lactate metabolism may be important in the regulation of renal
glutamine metabolism [19, 20]. Results from slices incubating in
a medium with potassium concentrations of 4 to 5 and 7 to 10
mEq/liter were combined in the studies depicted in Figure 1. As
noted by the top line, ammonia production decreased steadily
as the medium concentration of potassium increased. There
was a diminution in production from 0 to 25 mEq/liter. Using 4
to 5 mEq/liter concentrations as control for this study, potassi-
um concentrations at and beyond the 7 to 10 mEq/liter range
decreased slice ammonia production significantly. When inves-
tigating other parameters, glucose production from glutamine
and lactate depicted by the middle line decreased significantly
at the highest concentrations of potassium, that is, 25 mEq/liter.
The lowest line depicts glutamate accumulation. Compared to 4
to 5 mEq/liter of potassium, the increased glutamate was
formed as glutamine was deamidated at 0 mEq/liter. While it
appears to increase at 25 mEq/liter, this value was not different
statistically. When we singled out the 17 paired studies at 4
mEq/liter potassium (normal) and 7 mEq/liter potassium (hyper-
kalemic range), slices incubating in 7 mEq/liter of potassium
produced significantly less ammonia [16.4 p.m/g for 90 mm
1.0(5EM)] than at 4 mEq/liter potassium [19.4 m/g/for 90 mm
1.1 (sEM)] (P < 0.01). Glutamate accumulation was nearly
similar at 4 mEq/liter [8 p.m/g for 90 mm 0.4 (sEM)] and at 7
mEq/liter [8.3 p.m/g for 90 mm (5EM)}.
In an anaerobic environment, in which nitrogen replaced
oxygen, with 0.6 mivi glutamine and 1.2 m lactate as sub-
strates, the only significant changes in ammoniagenesis were
seen between 0 mEq/liter and 4 mEq/liter of potassium (Table
2). Unlike the aerobic studies, no further decreases in ammonia-
genesis were seen beyond 4 mEq/liter. Thus, the inhibition
produced by concentrations of medium potassium beyond 7
mEq/liter were not apparent in the absence of oxidative metab-
olism.
In another series of studies (Table 3) on control rat slices, we
used 2.0 mivi glutamine and 1.2 m lactate as substrates. The
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Table 3. Glutamine metabolism of rat renal slices
Potassium concentration, mEq/litcr
0 4 7 25
Ammonia production 44.8 6.3b 40.1 5.5 35.7 3.3 29.8 2.2"
Glutamine disappearance 15.2 2.0 15.9 2.4 13.4 1.3 12.8 1.2
Glutamate accumulation 14.1 2.7 13.1 0.7 13.1 1.4 10.7 l.lc
a Average SEM (p.m/g/90 mm) of 4 rats is shown. Substrates were glutamine (2 mM) and lactate 1.2 mM.
b When compared to values at 4 mEq/liter, P < 0.05.
When compared to values at 4 mEq/liter, P 0.05 < 0.1.
7 25
Potassium, mEq/liter
Fig. 2. Ammoniagenesis (•) and medium glutamate accumulation (•)
inkidney slices from acidotic rats incubating in different concentrations
of potassium, 0.6 msi glutamine, and 1.2 m lactate. Ammoniagenesis
(LI) exhibited in kidney slices from control rats incubating in 10
mM dl-methionine dl-sulfoximine, 0.6 mri glutamine, and 12 m lactate.
Different potassium concentrations were used on the slices from 9
acidotic rats and the 6 control rats in the dI-methionine dI-sulfoximine
studies. Average SEM is shown. P values are represented by these
symbols: +P < 0.05, OP < 0.02, *P < 0.01, •P < 0.001 when
compared to the values at 4 mEq/liter.
increase in glutamine concentration was necessary to measure
glutamine disappearance more accurately. We felt that this
could not be performed as accurately if incubation was initiated
with 0.6 mt'i glutamine. In the greater concentration of gluta-
mine, slice ammonia production remained higher at 0 mEq/liter
potassium (P < 0.05) and lower at 25 mEq/liter (P < 0.05) but
was not statistically different at 7 mEq/liter compared to 4
mEq/liter. The tendency was for glutamine removal to be
lessened as potassium increased to 7 and 25 mEq/liter, but no
statistically significant difference was achieved. Glutamate ac-
cumulation in the medium was not significantly changed at any
potassium concentration. The disappearance of glutamine was
less and the accumulation of glutamate more than reported
previously probably due to the presence of lactate [19, 20]. No
attempt was made to subtract endogenous ammonia production
and glutamate accumulation in these studies.
Effects of varying potassium concentrations on ammonia
production in kidney slices from acidotic rats. Slices from
acidotic rats produced more ammonia in the presence of 0.6 mtvi
glutamine and 1.2 m lactate at any given concentration of
potassium than control slices (middle line Fig. 2). However, the
influences of varying medium potassium concentration upon
ammonia production showed a similar pattern compared to
control. The highest production was found at 0 mEq/liter with a
steady decrease as the potassium concentration was raised to 25
mEq/liter. The values at 0, 7, and 25 mEq/liter were statistically
different from those at 4 mEq/liter. The least glutamate accumu-
lation (depicted by the bottom line in Fig. 2) was found at 7
mEq/liter potassium (P < 0.01 compared to control). The levels
at 25 mEq/liter were similar to those at 4 mEq/liter despite
decreased ammoniagenesis. The average at 25 mEq/liter dif-
fered from the glutamate accumulation at 7 mEq/liter of potassi-
um (P < 0.05). The glutamate accumulation at 0 mEq/liter was
higher than at 4 mEq/liter (P < 0.05).
The addition of dl-methionine dl-sulfoximine (MS) at 10 mM
concentrations to the incubation medium increased ammonia-
genesis by control slices (top line in Fig. 2)121]. The effects of
different concentrations of potassium on ammoniagenesis had a
similar pattern as that seen in slices from control and acidotic
rats.
Ammonia production of glutamate-lactate in rat renal slices
incubating in different concentrations of medium potassium.
When glutamate replaced glutamine as substrate (Table 4),
ammoniagenesis decreased significantly at 7 and at 25 mEq/liter
compared to 4 mEq/liter potassium. In contrast to the previous
experiences with glutamine as the ammonia precursor, no
relative increase was seen at 0 mEq!liter potassium. Additional-
ly, we followed ammoniagenesis by the slices from acidotic rats
when glutamate was substrate. Compared to 4 mEq/liter, am-
moniagenesis was lower in "acidotic slices" incubating in 25
mEq/liter of potassium (P < 0.01). When d/-methionine dl-
sulfoximine(MS), a glutamine synthetase inhibitor, was present
in each flask, overall ammoniagenesis by control slices was
greater than by control slices incubating in its absence at any
potassium concentration (Table 4). However, lower ammonia
production was seen at 7 and 25 mEq/liter relative to 4 mEq/liter
of potassium within this series. Tissue production at 0 mEq/liter
of potassium was significantly lower compared to 4 mEq/liter of
potassium. This again points out the differences in findings
between ammoniagenesis at 0 and 4 mEq/liter when a different
ammonia precursor was used.
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Table 4. Ammonia production from glutamate in rat kidney slices in vitro"
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Potassium concentration, inEqiliter
Medium conditions" Slice acid-base status 0 4 7 25
Regular Normal 15.1 1.0 16.3 0.6 12.0 l.Oa 9.1 0.7
MS' Normal 22.9 2.Oc 29.4 1.7 26.1 L6c 21.8 l.0
Regular Acidotic 33.5 3.3 37.7 1.8 36.9 1.8 30.2 ISa
Averages of a minimum of 6 rats shown for each condition are SEM.
Medium contained 5 m monosodium glutamate and 1.2 m sodium lactate.
MS represents dl-methionine dl-sulfoximine.
d When compared to 4 mEq/liter, P < 0.05.
When compared to 4 mEq/liter, P < 0.01.
Table 5. Effect of varying medium potassium concentrations on QO,, gluconeogenesis, and carbon dioxide production'
Potassium concentration, mEqiliter
0 4 7 25
Oxygen consumption
Glutamine 3.3 0.1 3.3 0.1 3.1 0.1" 2.9 0.1"
Glutamine + Lactate 4.2 0.1 4.1 0.1 3.6 0.1" 3.3 0.1"
Lactate 3.7 0.1 3.5 0.1 3.5 0.1 3.0 Old
a Ketoglutarate 3.2 0.1 3.1 0.1 3.0 0.! 2.9 0.!"
Citrate 3.3 0.lc 3.1 0.1 2.9 0.1 2.8 0.1"
Gluconeogenesis
Glutamine 6.8 0.8 8.3 0.8 5.5 0.6 4.0 0.6e
Glutamine + Lactate 11.5 0.1 12.4 1.6 11.1 0.8 10.1 1.8"
Lactate 18.9 1.3 19.0 1.5 16.0 1.3 18.2 1.7
a Ketaglutarate 11.5 1.1 13.1 0.9 14.4 1.4 13.8 1.3
Citrate 10.2 0.8 11.1 1.1 10.0 0.4 10.2 0.8
"CO2 production
Glutamine 10.0 0.4 9.8 0.4 9.6 0.4 6.9 0.3"
Glutamine" + Lactate 8.3 0.4" 6.6 0.6 6.4 0.5 5.5 0.3"
Lactate 21.2 1.3' 20.6 1.2 19.5 0.7 18.1 1.3"
a Ketoglutarate 8.7 0.4 9.1 0.3 9.4 0.3 9.7 0.2'
Citrate 4.6 0.2" 6.0 0.2 6.3 0.2 6.5 0.3
'Values for Q02 are p.1/mg/hr, for gluconeogenesis im/gI90 mm, and for carbon dioxide im substrate consumed g/90 mm. Average SEM of a
minimum of 6 flasks is shown.
b The carbon-14 label is on glutamine.
When compared to the value at 4 mEq/liter, P> 0.05 < 0.1.
When compared to the value at 4 mEq/liter, P < 0.05.
'When compared to the value at 4 mEq/liter, P < 0.01.
In control slices incubating in 5 mM glutamate and 1.2 mM
lactate, the respective formation of glutamine was 10.1 imole/g
1.4 (sEM), 11.7 mole/g 2.0 (sEM), and 13.0 p.mole/g 2.3
(sEM), at 4, 7 and 25 mEq/liter of potassium. The small increase
at 25 mEq/liter is significantly higher than that at 4 mEq/Iiter (P
<0.05). Under the same conditions, but with the addition of dl-
methionine dl-sulfoximine, the respective values at the same
potassium concentrations decreased to 1.6 p.mole/g 0.8
(sEM), 3.0 p.mole/g 1.2 (sEM), and 2.8 mole/g 1.2 (sEM).
Effects of varying medium potassium concentrations on Q02,
gluconeo genesis, and '4C02 production in rat kidney slices. No
matter whether glutamine, lactate, glutamine plus lactate, alpha
ketoglutarate, or citrate was substrate, slices exhibited a de-
creasing Q02 as the concentrations of potassium increased from
0 to 25 mEq/liter (Table 5). By 25 mEq/liter, there were
significant decreases in Q02 in all media. In media containing
glutamine and glutamine plus lactate, there was a significant
decrease seen between 4 and 7 mEq/liter.
The effects on gluconeogenesis were less predictable. A
statistically significant decrease was seen at 25 mEq/liter com-
pared to 4 mEq/liter only when glutamine and glutamine plus
lactate were the substrates, not when lactate was the single
substrate.
The 14C02 evolved from lactate and glutamine and decreased
from glutamine in the presence of lactate as the potassium
concentrations increased, reaching statistical significance at 25
mEq/liter. Differently, '4C02 evolving from alpha ketoglutarate
did not change and even increased at the higher concentrations
of potassium. At 0 mEq/liter of potassium, glutamine in the
presence of lactate and lactate alone revealed a relatively higher
'4C02 production compared to 4 mEq/liter, while production of
'4C02 from citrate was found to be lower, With the exception of
citrate and alpha ketoglutarate, '4C02 production was relatively
lower at 25 mEq/liter.
Ammonia genesis from glutamine and glutamate in dog kid-
ney tissue. Studies on dog tissue were performed under differ-
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Table 6. Ammonia production, glutamine metabolism, and glutamate metabolism in dog kidney slices
Potassium, inEqiliter 0 4 7 25
Endogenous (3)
Ammonia production 8.8 1.2 7.5
Glutamine 0.6 m, lactate
0.5
1.2 msi (6)
6.8 0.4 6.2 0.5h
Ammonia production 19.3 l.6c 18.0 1.4 16.4 l.3d 15.9 l.2d
Glutamate accumulation 13.9 0.6r 11.1 0.6 11.1 1.1 13.7 Ø4d
Alanine production 7.2 2.0 8.3
Glutamate 5.0 m, lactate
1.0
1.2 msi (5)
5.9 2.7 5.7 1.9
Ammonium production 8.5 0.9 7.4 0.6 6.2 0.6c 4.0 0.5d
Average SEM (imIgI90 mm) is shown.
When compared to the value at 4 mEq/liter, P > 0.05 < 0.1.
When compared to the value at 4 mEq/liter, P < 0.05.
When compared to the value at 4 mEq/liter. P < 0.01.
The numbers in parentheses refer to the number of dogs studied.
ent conditions in two separate studies as pointed out in the
methods section. In a series using glutamine and lactate as
substrates, tissue was obtained from six control dogs (Table 6).
The average value of 4 to 5 flasks at each potassium concentra-
tion was calculated for each dog. Incubation conditions were
the same as those used previously in rat slice studies (Fig. I).
Substrate concentrations were 0.6 mM glutamine and 1.2 mM
lactate. A steady decrease in slice ammoniagenesis was noted
as medium potassium concentrations increased from 0 to 25
mEq/liter; the average values found at 7 and 25 mEq/liter were
statistically different from the average values found at 4 mEq-
/liter. Glutamate accumulation was significantly greater when
slices incubated in 0 and 25 mEq/liter of potassium compared to
4 mEq/liter. Alanine production was not significantly different
at any potassium concentration. In slices from 5 dogs incubat-
ing inS m glutamate and 1.2 mrvt lactate, ammoniagenesis was
relatively greater at 0 mEq/liter and less at 7 and 25 mEq/liter
potassium compared to 4 mEq/liter potassium. Slices producing
ammonia in the presence of glutamate formed similar amounts
of ammonia as the slices incubating without an added nitrogen
source. No doubt, the addition of lactate to the former was
responsible for this amount [19, 20]. The sources of endogenous
slice ammoniagenesis and how much eminates from endoge-
nous glutamine and glutamate are unknown.
The data depicted in Table 6 were obtained from 8 acidotic
dogs with a mean plasma bicarbonate concentration of 13.0
mEq/liter (ammonium chloride 0.5 kg per day for 5 consecutive
days). Incubation conditions and methods of analyses were as
previously reported [10]. Glutamine (1 mM) was used as the
ammonia precursor and single substrate. There was no signifi-
cant effect on ammoniagenesis until the concentration of potas-
sium exceeded 8 mEq/liter. The decrease in ammoniagenesis
and gluconeogenesis became more marked as potassium in-
creased from 16 to 64 mEq/liter.
One very interesting observation was that raising the concen-
tration of potassium in the incubation medium did not modify
the extraction of glutamine in spite of the fact that ammonia
production was depressed. Accordingly, potassium did not
prevent the entry of glutamine into renal tubular cells. There
was no significant change in renal slice glutamate concentra-
tions at any potassium concentration despite the changing rate
of ammoniagenesis.
In three studies (Table 6) where endogenous ammoniagenesis
from control slices was followed it was relatively lower at 25
mEq/liter of potassium (P < 0.05),
Discussion
The status of a systemic acid-base balance is the major
recognized condition associated with alterations in renal ammo-
nia production. However, changes in potassium homeostasis
also are known to influence ammoniagenesis [3, 5—9]. The
association between hypokalemia and enhanced ammoniagene-
sis is well established. In 1953, Schwartz and Relman [51
described a patient suffering from hypokalemic metabolic alka-
losis secondary to laxative abuse who excreted large quantities
of ammonium. Replenishment of systemic potassium decreased
ammonium excretion despite the absence of marked changes in
urine pH. Similar associations between augmented ammonia-
genesis and hypokalemia have been made in primary hyperaldo-
steronism [23—25] and fasting [26—27]. Finally, kidney slices
from hypokalemic animals exhibited increased ammonia pro-
duction [28, 29]. These correlations and others are detailed in a
recent published review on the relationship between ammonia
production and potassium homeostasis [8].
Less has been recorded concerning hyperkalemia and de-
creased renal ammoniagenesis. Kamm [4] fed a high potassium
diet chronically to rats and found decreased ammonium excre-
tion despite a simultaneous decrease in urine pH. Recently,
Szylman et al [I] described a patient suffering from hyperkale-
mia secondary to isolated hypoaldosteronism. Despite severe
metabolic acidosis, urine ammonium excretion was low [I].
When the serum potassium was lowered to a normal range by
feeding the patient the potassium exchanger, Kayexalate, am-
monium excretion increased. Hutler et al [2] reproduced some
of these findings in dogs. Dogs made selectively aldosterone
deficient became hyperkalemic and excreted little ammonium.
When the serum potassium was maintained at a normal level by
dietary means in the aldosterone deficient dogs, ammonium
excretion approached normal [2].
While an association between hyperkalemia and decreased
ammonium excretion has been made, there is no published
evidence, other than that in abstracts [30—33], that potassium
itself can alter renal ammonia production directly. Tannen,
McGill and Kunin (3, 9) incubated mitochondria and renal slices
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from rats in a medium with concentrations of potassium ranging
from 0 to 144 mEqlliter and found no detectable influences on
ammonia production. They proposed that potassium has no
direct effects on renal ammoniagenesis [3, 9].
Their findings are in direct contrast to what we found
previously' and in our current studies. Low medium potassium
(0 mEq/liter) and high medium potassium (7 to 25 mEq/liter)
increased and decreased ammoniagenesis respectively relative
to baseline values (4 to 5 mEq/liter). This occurred in kidney
slices from control and acidotic rats and dogs. With low
glutamine concentrations 0.6 or 5 mt't glutamate in the presence
of 1,2 mrvi lactate, differences in ammoniagenesis between 4 and
7 mEq/liter potassium were observed consistently in rat and dog
kidney tissue slices. The findings in dog tissue were obtained
under many different circumstances. Despite this, all indicate
that a high potassium environment decreases renal ammonia-
genesis. In confirmation of our findings, Sastrasinh and Tannen
[32] reported that a high ambient potassium concentration of 9
m significantly lowered renal ammonia production by isolated
perfused kidneys from rats. Vinay et al [33] described that
raising plasma potassium from 3 mEq/liter to 7 to 9 mEq/liter
lowered renal ammoniagenesis in intact acidotic dogs.
What pathways are influenced by potassium? The effects of
potassium are present in slices taken from acidotic rats, and
three pathways are accepted by most researchers to play a role
in the ability of tissue slices from acidotic rats to increase
ammoniagenesis [34, 35] that is, phosphate-dependent gluta-
minase (PDG), glutamate dehydrogenase (GDH), and glutamine
synthetase (GS). Three findings suggest that the latter pathway
is not involved to a major degree in the "potassium effect",
although a slight increase in glutamine synthesis was seen in the
rat tissue slices incubating in 25 mEq/liter of potassium. First,
GS is markedly depressed in acidotic renal slices from rats [21,
35], and increasing medium potassium decreased ammoniagen-
esis. Second, our results were present when dl-methionine dl-
sulfoximine (GS antagonist) [21, 36] was present in the medium;
and third, the potassium effect was present in tissue slices from
dogs, a species that essentially has no renal GS [34, 37].
Accordingly, we hypothesize that potassium probably has a
major effect on at least one of the two remaining pathways, that
is, PDG and GDH.
The most logical explanation for our results is that medium
potassium influences the GDH pathway in dog and rat tissue
and, to some extent, the PDG pathway. When glutamate
replaces glutamine as the ammonia precursor, ammoniagenesis
is decreased by increasing potassium concentrations in both rat
'We had performed two different studies following the effects of
potassium on isolated canine renal tubules. The studies were carried out
along with and under the same conditions as ones previously reported
[12, 22, 41]. In the first study, the tissue was incubated at 25° C with 2
mM glutamine as substrate. While the kinetics of ammonia production
were not different between tubules incubating in 0 and 5 mEq/liter of
potassium, a relative decrease was seen beginning around 30 to 60 mm
of incubation (a portion of the curve where glutamate metabolism
becomes important; Ref. 22) in media containing 25 and 50 mEq/liter of
potassium. Another five studies used canine isolated tubules incubating
in 10mM glutamine at 25° C. The rate of ammonia production from 60 to
180 mm was significantly decreased [32.8, im/g 4.4 (ss) vs. 38.0
g/g 3.8 (sEM) in 25 mEq/liter potassium compared to 5 mEq/liter of
potassium (P < 0.05)].
and dog tissues. Since the work of Braunstein and Kritzmann
[381, it is generally accepted that "amino ammonia" derived
from glutamate and formed as glutamine is deamidated and
occurs when other amino acids are transaminated to glutamate.
Although the metabolism of exogenous glutamine and exoge-
nous glutamate has long been known to differ somewhat be-
cause of poor mitochondrial penetrance of glutamate [39—44],
still, ammonia formation from exogenous glutamate occurs via
the GDH pathway [40]. Accordingly, the relatively decreased
renal ammonia production that takes place in glutamate and
high medium potassium concentrations must be secondary to an
effect on the GDH pathway. It cannot be from glutamine
formed from glutamate because slices from acidotic rats, slices
from control rats incubating in dl-methionine dl-sulfoximine,
and dog slices do not appreciably synthesize glutamine. We do
not feel that transamination was a significant factor in our
results. Transamination plays a lesser role in controlling renal
ammoniagenesis by rat kidney tissue slices [19, 45], and alanine
production was not significantly different in dog tissue slices
(Table 6). In further support of a potassium effect on GDH, the
lowered production of ammonia from glutamine by high potassi-
um is not balanced by a decrease in glutamate accumulation.
This decrease would be expected if the major block were at the
PDG pathway. In some cases, an increased glutamate accumu-
lation took place at 25 mEq/liter of potassium.
The lack of glutamate accumulation in dog kidney tissue
(Table 1) may relate to the presence of alanine aminotransfer-
ase, absent in rat kidney tissue [46]. However, we found no
significant differences in alanine accumulation in vitro. Another
plausible explanation is that a small buildup of glutamate in
renal tissue suppressed glutamine deamidation and lessened
any further increased glutamate. Nevertheless, the decrease of
the ratio of renal ammonia produced to glutamine uptake from
2.9 to 2.3 in rat tissue (Table 3) and from 1.6 to 1.0 in dog tissue
(Table 1) as potassium concentrations were increased is com-
patible with an effect of potassium on glutamate dehydrogen-
ase. It should be mentioned that the role of the purine nucleo-
tide cycle has not been clarified, but inhibition of this pathway
could be responsible for the findings [47, 48]. Finally, increasing
potassium concentrations could affect both glutamine and gluta-
mate transport into the sites of ammonia production,
We cannot readily explain the differences in ammoniagenesis
by rat tissue between 0 and 4 mEq/liter potassium by "gluta-
mate deinhibition" [49]. This potassium range did not decrease
ammoniagenesis from slices in glutamate alone or from slices
incubating in glutamate plus dl-methionine dl-sulfoximine
where the contributions of the PDG pathway should be minimal
(Table 3).
Rat kidney slices incubating in a nitrogen atmosphere theo-
retically cannot produce ammonia via PDG activity, not via the
GDH or the GS pathway, which requires oxygen to function.
Accordingly, in an anaerobic atmosphere, ammoniagenesis is
balanced by a near equal accumulation of glutamate [50].Under
anaerobic conditions, ammoniagenesis was suppressed when
potassium concentrations rose from 0 to 4 mEq/liter (Table 2).
Beyond 4 mEq!liter, no further depression was seen. This
suggests that in going from its absence to baseline values and
probably beyond, the PDG pathway is depressed by potassium.
We have less evidence that potassium concentrations influence
352 Sleeper et at
the PDG pathway in the case of dog kidney tissue. However,
Vinay et al [33] found that raising potassium concentrations in
intact acidotic dogs decreased renal glutamine while increasing
renal glutamate which is compatible with our proposed double
effect.
How potassium influences the GDH pathway at high concen-
trations cannot be discerned definitively in the present study.
However, some speculations can be made. Potassium may
produce many of its effects through an ability to change
intracellular pH [51, 52], that is, increasing medium potassium
should create a greater intracellular potassium concentration [3,
52] which, in turn, would decrease intracellular hydrogen ion
concentrations by exchange. Anderson and Mudge [53] have
found that increasing medium potassium concentrations in an
aerobic environment elevates tissue bicarbonate levels. In turn,
Bavarel and Lund [54] have shown that elevating the bicarbon-
ate level of rat kidney cortical tubules has no effect on PDG but
does inhibit GDH. As in our potassium studies, they found that
raising bicarbonate levels did not alter glutamine removal, but
the entire glutamate to glucose pathway decreased as the
bicarbonate concentration increased. In turn, data shown in
Table 5 indicate that high potassium concentrations do alter
overall renal slice metabolism and oxygen consumption, gluco-
neogenesis, and '4C02 production. While the exact effects on
metabolism cannot be described specifically, the differing re-
sults with various substrates suggest that the effect is a complex
one. Finally, it is unlikely that high medium potassium is
directly toxic to rat renal slices because medium potassium
greater than 25 mEq/liter is optimal for the active transport of
organic anions and cations by incubating tissue slices [55, 56].
Organic anion transport has been used as a marker of tissue
viability by some [57].
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